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(54) Axially flexible stent 

(57) A stent with axial flexibility, in a preferred em- 
bodiment, has a longitudinal axis and comprises a plu- 
rality of longitudinally disposed bands, wherein each 
band defines a generally continuous wave along a line 
segment parallel to the longitudinal axis. A plurality of 



links maintains the bands in a tubular structure. In a fur- 
ther embodiment of the invention, each longitudinally 
disposed band of the stent is connected, at a plurality of 
periodic locations, by a short circumferential link to an 
adjac6ent band. 
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Description 
Technical Field 

[0001] The present invention relates to a stent having 
axial flexibility and resilience in its expanded form. 

Background Art 

[0002] A stent is commonly used as a tubular struc- 
ture left inside the lumen of a duct to relieve an obstruc- 
tion. Commonly, stents are inserted into the lumen in a 
non expanded form and are then expanded autono- 
mously (or with the aid of a second device in situ. Atyp- 
ical method of expansion occurs through the use of a 
catheter mounted angioplasty balloon which is inflated 
within the stenosed vessel or body passageway in order 
to shear and disrupt the obstructions associated with the 
wall components of the vessel and to obtain an enlarged 
lumen. 

[0003] In the absence of a stent, restenosis may occur 
as a result of elastic recoil of the stenotic lesion. Al- 
though a number of stent designs have been reported, 
these designs have suffered from a number of limita- 
tions. These include restrictions on the dimension of the 
stent such as describes a stent which has rigid ends 
(8mm) and a flexible median part of 7-21 mm. This de- 
vice is formed of multiple parts and is not continuously 
flexible along the longitudinal axis. Other stent designs 
with rigid segments and flexible segments have also 
been described. 

[0004] Other stents are described as longitudinally 
flexible but consist of a plurality of cylindrical elements 
connected by flexible members. This design has at least 
one important disadvantage, for example, according to 
this design, protruding edges occur when the stent is 
flexed around a curve raising the possibility of inadvert- 
ent retention of the stent on plaque deposited on arterial 
walls. This may cause the stent to embolize or more out 
of position and further cause damage to the interior lin- 
ing of healthy vessels. (See Figure 1(a) below). 
[0005] Thus, stents known in the art, which may be 
expanded by balloon angioplasty, generally compro- 
mise axial flexibility to permit expansion and provide 
overall structural integrity. 

Summary of the Invention 

[0006] The present invention overcomes some per- 
ceived shortcomings of prior art stents by providing a 
stent with axial flexibility. In a preferred embodiment, the 
stent has a first end and a second end with an interme- 
diate section between the two ends. The stent further 
has a longitudinal axis and comprises a plurality of lon- 
gitudinally disposed bands, wherein each band defines 
a generally continuous wave along a line segment par- 
allel to the longitudinal axis. A plurality of links maintains 
the bands in a tubular structure. In a further embodiment 



of the invention, each longitudinally disposed band of 
the stent is connected, at a plurality of periodic locations, 
by a short circumferential link to an adjacent band. The 
wave associated with each of the bands has approxi- 

5 mately the same fundamental spatial frequency in the 
intermediate section, and the bands are so disposed 
that the waves associated with them are spatially 
aligned so as to be generally in phase with one another. 
The spatially aligned bands are connected, at a plurality 

10 of periodic locations, by a short circumferential link to 
an adjacent band. 

[0007] In particular, at each one of a first group of com- 
mon axial positions, there is a circumferential link be- 
tween each of a first set of adjacent pairs of bands. 

is [0008] At each one of a second group of common ax- 
ial positions, there is a circumferential link between each 
of a second set of adjacent rows of bands, wherein, 
along the longitudinal axis, a common axial position oc- 
curs alternately in the first group and in the second 

20 group, and the first and second sets are selected so that 
a given band is linked to a neighboring band at only one 
of the first and second groups of common axial posi- 
tions. 

[0009] In a preferred embodiment of the invention, the 

25 spatial frequency of the wave associated with each of 
the bands is decreased in a first end region lying proxi- 
mate to the first end and in a second end region lying 
proximate to the second end, in comparison to the spa- 
tial frequency of the wave in the intermediate section. In 

30 a further embodiment of the invention, the spatial fre- 
quency of the bands in the first and second end regions 
is decreased by 20% compared with the spatial frequen- 
cy of the bands in the intermediate section. The first end 
region may be located between the first end and a set 

35 of circumferential links lying closest to the first end and 
the second end region lies between the second end and 
a set of circumferential links lying closest to the second 
end. The widths of corresponding sections of the bands 
in these end regions, measured in a circumferential di- 

40 rection, are greater in the first and second end regions 
than in the intermediate section. Each band includes a 
terminus at each of the first and second ends and the 
adjacent pairs of bands are joined at their termini to form 
a closed loop. 

45 [0010] In a further embodiment of the invention, a 
stent is provided that has first and second ends with an 
intermediate section therebetween, the stent further 
having a longitudinal axis and providing axial flexibility. 
This stent includes a plurality of longitudinally disposed 

50 bands, wherein each band defines a generally continu- 
ous wave having a spatial frequency along a line seg- 
ment parallel to the longitudinal axis, the spatial frequen- 
cy of the wave associated with each of the bands being 
decreased in a first end region lying proximate to the 

55 first end and in a second end region lying proximate to 
the second end, in comparison to the spatial frequency 
of the wave in the intermediate section; and a plurality 
of links for maintaining the bands in a tubular structure. 
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The first and second regions have been further defined 
as the region that lies between the first and second ends 
and a set of circumferential links lying closest to the first 
end and second end. 

[0011] In a further embodiment the widths of the sec- 
tionals of the bands, measured in a circumferential di- 
rection, are greater in the first and second end regions 
than in the intermediate section. 
[0012] In yet an additional embodiment, the stent is 
divided into a group of segments, and each of the seg- 
ments are connected by a flexible connector. In addition, 
the stent segments are provided with enhanced flexibil- 
ity at the flexible connectors, due to the geometrical con- 
figuration of the flexible connectors. 

Brief Description of the Drawings 

[0013] The foregoing aspects of the invention will be 
more readily understood by reference to the following 
detailed description, taken with the accompanying 
drawings, in which: 

[001 4] Figures 1 (a) and 1 (b) are side views of a stent 
having circumferentially disposed bands wherein the 
stent is inaxially unbent and bent positions respectively, 
the latter showing protruding edges. 
[001 5] Figures 1 (c) and 1 (d) are side views of an ax- 
ially flexible stent in accordance with the present inven- 
tion wherein the stent is in unbent and bent positions 
respectively the latter displaying an absence of protrud- 
ing edges. 

[001 6] Figure 2 is a side view of a portion of the stent 
of Figures 1 (c) and 1 (d) showing the longitudinal bands, 
spaces, and inner radial measurements of bends in the 
bands being measured in inches. 
[0017] Figures 3(a) and 3(b) show a portion of the 
stent of Figure 2 with two bands between two circum- 
ferential links (a) before expansion in the undeformed 
state; and (b) after expansion, in the deformed state. 
[0018] Figure 4 is a view along the length of a piece 
of cylindrical stent (ends not shown) prior to expansion 
showing the exterior surface of the cylinder of the stent 
and the characteristic banding pattern. 
[0019] Figure 5 is an isometric view of a deflection plot 
where the stent of Figure 2 is expanded to a larger di- 
ameter of 5mm. 

[0020] Figure 6 shows a two-dimensional layout of the 
stent of Figure 4 to form a cylinder such that edge "A" 
meets edge "B", and illustrating the spring-tike action 
provided in circumferential and longitudinal directions. 
[0021] Figure 7 shows a two dimensional layout of the 
stent. The ends are modified such that the length (L A ) 
is about 20% shorter than length (L^) and the width of 
the band A is greater than the width of band B. 
[0022] Figure 8 shows a perspective view of a stent 
containing flexible connectors as described in the 
present inventbn. 

[0023] Figure 9 shows a stent in which the flexible 
connectors are attached to stent segments, in layout 



form. These flexible connectors are attached in an eve- 
ry-other-segment pattern. 

[0024] Figure 10 shows a layout view where the stent 
segments are connected with a flexible connector in 
5 every stent segment pattern. 

Detailed Description of Specific Embodiments 

[0025] Improvements afforded by embodiments of the 

10 present invention include (a) increased flexibility in two 
planes of the non-expanded stent while maintaining ra- 
dial strength and a high percentage open area after ex- 
pansion; (b) even pressure on the expanding stent that 
ensures the consistent and continuous contact of ex- 

*s panded stent against artery wall; (c) avoidance of pro- 
truding parts during bending; (d) removal of existing re- 
strictions on maximum of stent; and reduction of any 
shortening effect during expansion of the stent. 
[0026] In a preferred embodiment of the invention, an 

20 expandable cylindrical stent 1 0 is provided having a fe- 
nestrated structure for placement in a bloodvessel, duct 
or lumen to hold the vessel, duct or lumen open, more 
particularly for protecting a segment of artery from res- 
tenosis after angioplasty. The stent 10 may be expand- 

25 ed circumferentially and maintained in an expanded 
configuration, that is circumferentially rigid. The stent 10 
is axially flexible and when flexed at a band, the stent 
10 avoids any externally protruding component parts. 
[0027] Figure 1 shows what happens to a stent 1 0, of 

30 a similar design to a preferred embodiment herein but 
utilizing instead a series of circumferentially disposed 
bands, when caused to bend in a manner that is likely 
encountered within a lumen of the body. A stent 1 0 with 
a effect analogous to a series of railroad cars on a track. 

35 As the row of railroad cars proceeds around the bend, 
the corner of each car proceeding around the bend after 
the coupling is caused to protrude from the contour of 
the track. Similarly, the serpentine circumferential bands 
have protrusions (2) above the surface of the stent 10 

4£? as the stent 1 0 bends. 

[0028] In contrast, the novel design of the embodi- 
ment shown in Figures 1(c) and 1(d) and Figure 7 in 
which the bands (3) are axially flexible and are arranged 
along the longitudinal axis, avoids such an effect when 

45 the stent 10 is bent, so the bent bands (4) do not pro- 
trude from the profile of the curve of the stent 10. Fur- 
thermore, any flaring at the ends of the stent 10 that 
might occur with a stent 10 having a uniform structure 
is substantially eliminated by introducing a modification 

so at the ends of the stent 1 0. This modification comprises 
decreasing the spatial frequency and increasing the 
width of the corresponding bands in a circumferential 
direction (L A and A) compared to that of the intermediate 
section. (I B and B). 

ss [0029] In an embodiment of the invention, the spatial 
frequency L A may be decreased 0-50% with respect to 
L B , and the width A may be increased in the range of 
0-150% with respect to B. Other modifications at the 
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ends of the stent 10 may include increasing the thick- 
ness of the wall of the stent 10 and selective electropo- 
lishing. These modifications protect the artery and any 
plaque from modifications protect the artery and any 
plaque from abrasion that may be caused by the stent 
10 ends during insertion of the stent 10, The modifica- 
tion also may provide increased radio-opacity at the 
ends of the stent 10. Hence it may be possible to more 
accurately locate the stent 10 once it is in place in the 
body. 

[0030] The embodiment as shown in Figures 2 and 6 
has the unique advantage of possessing effective 
"springs" in both circumferential and longitudinal direc- 
tions shown as items (5) and (6) respectively These 
springs provide the stent 1 0 with the flexibility necessary 
both to navigate vessels in the body with reduced friction 
and to expand at the selected site in a manner that pro- 
vides the final necessary expanded dimensions without 
undue force while retaining structural resilience of the 
expanded structure. 

[0031] As shown in both Figures 2, 4 and 6, each lon- 
gitudinal band undulates through approximately two cy- 
cles before there is formed a circumferential link to an 
adjacent band. Prior to expansion, the wave W associ- 
ated with each of the bands may have approximately 
the same fundamental spatial frequency, and the bands 
are so disposed that the wave W associated with them 
are spatially aligned, so as to be generally in phase with 
one another as shown in Figure 6. 
[0032] The aligned bands on the longitudinal axis are 
connected at a plurality of periodic locations, by a short 
circumferential link to an adjacent band. Consider a first 
common axial position such as shown by the line X-X in 
Figures 4 and 6. Here an adjacent pair of bands is joined 
by circumferential link \ Similarly other pairs of bands 
are also linked at this common axial position. At a sec- 
ond common axial position, shown in Figure 6 by the 
line Y-Y, an adjacent pair of bands is joined by circum- 
ferential link 8. However, any given pair of bands that is 
linked at X-X is not linked at Y-Y and vice-versa. The X- 
X pattern of linkages repeats at the common axial posi- 
tion Z-Z. In general, there are thus two groups of com- 
mon axial positions. In each of the axial positions of any 
one group are links between the same pairs of adjacent 
bands, and the groups alternate along the longitudinal 
axis of the embodiment. In this way, circumferential 
spring 6 and the longitudinal spring 6 are provided. 
[0033] A feature of the expansion event is that the pat- 
tern of open space in the stent 10 of the embodiment of 
Figure 2 before expansion is different from the pattern 
of the stent 10 after expansion. In particular, in a pre- 
ferred embodiment, the pattern of open space on the 
stent 10 before expansion is serpentine, whereas after 
expansion, the pattern approaches a diamond shape 
(3a, 3b). In embodiments of the invention, expansion 
may be achieved using pressure from an expanding bal- 
loon or by other mechanical means. 
[0034] In the course of expansion, as shown in Figure 



3, the wave W shaped bands tend to become straighten 
When the bands become straighter, they become stiffer 
and thereby withstand relatively high radial forces. Fig- 
ure 3 shows how radial expansion of the stent 1 0 causes 

5 the fenestra to open up into a diamond shape with max- 
imum stress being expended on the apices of the dia- 
mond along the longitudinal axis. When finite element 
analyses including strain studies were performed on the 
stent 10, it was found that maximum strain was experi- 

10 enced on the bands and links and was below the max- 
imum identified as necessary to maintain structural in- 
tegrity. 

[0035] The optimization of strain of the stent 10 is 
achieved by creating as large a turn radius as possible 

'5 in the wave W associated with each band in the non- 
expanded stent 10. This is accomplished while preserv- 
ing a sufficient number of bands and links to preserve 
the structural integrity of the stent 10 after expansion. 
In an embodiment of the invention, the strain may be 

20 less than 0.57 inches/inch for 31 6L stainless steel. The 
expansion pressure may be 1 .0-7.0 atmospheres. The 
number of bands and the spatial frequency of the wave 
W on the longitudinal axis also affects the number of 
circumferential links. The circumferential links contrib- 

zs ute structural integrity during application of radial force 
used in expansion of the stent 10 and in the mainte- 
nance of the expanded form. While not being limited to 
a single set of parameters, an example ofa stent 10 of 
the invention having a longitudinal axis and providing 

30 axial flexibility of the type shown in Figure 6, may include 
a stent 10 having an expanded diameter of 4mm and a 
length of 30mm that for example may have about 8-12 
rows, more particularly 10 rows and about 6-10 slots, 
more particularly 8 slots (a slot is shown in Figure 6 as 

35 extending between X and Z), with a wave W amplitude 
of about 1/4-1/10 of a slot length, more particularly 1/8 
of a slot length. 

[0036] The stent 10 may be fabricated from many 
methods. For example, the stent 10 may be fabricated 
40 from a hollow or formed stainless steel tube that may be 
cut out using lasers, electric discharge milling (EDM), 
chemical etching or other means. The stent 10 is insert- 
ed into the body and placed at the desired site in an 
unexpanded form. In a preferred embodiment, expan- 
ds sion of the stent 10 is effected in a blood vessel by 
means of a balloon catheter, where the final diameter of 
the stent 10 is a function of the diameter of the balloon 
catheter used. 

[0037] In contrast to stents of the prior art, the stent 
so 1 o of the invention can be made at any desired length, 
most preferably at a nominal 30mm length that can be 
extended or diminished by increments, for example 
1 .9mm increments. 

[0038] It will be appreciated that a stent 1 0 in accord- 
55 ance with the present invention may be embodied in a 
shape memory material, including, for example, an ap- 
propriate alloy of nickel and titanium; or stainless steel. 
In this embodiment after the stent 10 has been formed, 
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it may be compressed so as to occupy a space suffi- 
ciently small as to permit its insertion in a blood vessel 
or other tissue by insertion means, wherein the insertion 
means include a suitable catheter, or flexible rod. On 
emerging from the catheter, the stent 10 may be config- 
ured to expand into the desired configuration where the 
expansion is automatic or triggered by a change in pres- 
sure, temperature or electrical stimulation. 
[0039] An embodiment of the improved stent 10 has 
utility not only within blood vessels as described above 
but also in any tubular system of the body such as the 
bile ducts, the urinary system, the digestive tube, and 
the tubes of the reproductive system in both men and 
women. 

[0040] In yet a further embodiment, there is described 
a stent 10 as presently disclosed containing a multiplic- 
ity of curvilinear segments 20. These curvilinear seg- 
ments 20 are connected to each other via a generally 
perpendicular connector 25. The generally perpendicu- 
lar connector 25 lies substantially in the plane perpen- 
dicular to the longitudinal axis of the stent 10. Each of 
the stent 10 segments as described herein is connected 
to an adjacent stent 10 segment. This is done using a 
series of flexible connectors. Importantly, the connec- 
tors themselves can be made narrower at their mid- 
points. This enhances the possibility of flexure at that 
point. Of course, it is to be realized that alternate designs 
of the connector to insure flexibility are possible, and 
contemplated by this invention. 
[0041] In essence therefore, the stent 10 as described 
in Figure 8 is a stent 10 of considerable flexibility when 
compared to more rigid rectilinear stents. Nonetheless, 
the stent 10 of the present Invention does not depart 
from the basic concepts set forth herein, in that it dis- 
closes a continuously curvilinear strut. This curvilinear 
strut is connected to other curvilinear struts via a series 
of "second" more flexible connectors, described above. 
[0042] In any regard, it can be seen that the stent 10 
of the present invention incorporates various new and 
useful members. One of them is the flexible connector 
in conjunction with a generally curvilinear stent. Another 
is the use of the generally larger struts at the ends of 
the stent 10 in order to provide for continued support at 
the stent 1 0 ends. A final aspect is the use of flexible 
connectors amongst stent 10 segments to provide for 
greater flexibility. 

[0043] In all regards, however, it is to be seen that the 
present invention is to be determined from the attached 
claims and their equivalents. 



Claims 

1. A stent having first and second ends with an inter- 
mediate section therebetween, the stent further 
having a longitudinal axis and providing axial flexi- 
bility, comprising: 



a plurality of longitudinally disposed bands, 
wherein each band defines a generally contin- 
uous wave having a spatial frequency along a 
line segment parallel to the longitudinal axis; 

s a plurality of links for maintaining the bands in 

a tubular structure, wherein the links are so dis- 
posed that any single circumferential path 
formed by the links is discontinuous; and 
wherein the stent comprises a plurality of stent 

10 segments, each of the stent segments contain- 

ing at least one generally continuous curviline- 
ar strut, said stent segments connected by at 
least one flexible connector displaced between 
a pair ol adjacent stent segments. 

15 

2. A stent according to claim 1 , wherein each link is 
axial fy displaced from any circumferentially adja- 
cent link. 

20 3. A stent according to claim 1 , wherein the wave as- 
sociated with each of the bands has approximately 
the same fundamental spatial frequency for the in- 
termediate section. 

25 4. A stent according to claim 3, wherein the bands are 
so disposed that the waves associated with them 
are spatially aligned so as to be generally in phase 
with one another. 

30 5. A stent according to claim 4, wherein each link is 
axial ly displaced from any circumferentially adja- 
cent link. 

6. A stent according to claim 5, wherein, at each one 
35 of a first group of common axial positions, there is 

a circumferential link between each of a first set of 
adjacent pairs of bands. 

7. A stent according to claim 5, wherein, at each one 
40 of a second group of common axial positions, there 

is a circumferetial link between each of a second 
set of adjacent rows of bands, wherein, along the 
longitudinal axis, a common axial position occurs 
alternately in the first group and in the second 
45 group, and the first and second sets are selected 
so that a given band is linked to a neighboring band 
at only one of the first and second groups of com- 
mon axial positions. 

so 8. A stent according to claim 2, wherein the spatial fre- 
quency of the wave associated with each of the 
bands, is decreased in a first end region lying prox- 
imate to the first end and in a second end region 
lying proximate to the second end, in comparison 

ss to the spatial frequency of the wave in the interme- 
diate section. 

9. A stent according to claim 8, wherein the spatial fre- 
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quency is decreased by about 20% compared with 
the spatial frequency of the wave in the intermediate 
section. 

10. A stent according to claim 8, wherein the first end s 
region lies between the first end and a set of circum- 
ferential links tying closest to the first end and the 
second end region lies between the second end and 

a set of circumferential links lying closest to the sec- 
ond end. 10 

11 . A stent according to claim 8, wherein widths of cor- 
responding sections of the bands, measured in a 
circumferential direction, are greater in the first and 
second regions than in the intermediate section. 

12. A stent according to claim 10, wherein widths of cor- 
responding sections of the bands, measured in a 
circumferential direction, are greater in the first and 
second regions than in the intermediate section. 20 

13. A stent according to claim 1 , wherein each band in- 
cludes a terminus at each of the first and second 
ends and the adjacent pairs of bands are joined at 
their termini to form a closed loop. 25 

14. A stent according to claim 8, wherein each band in- 
cludes a terminus at each of the first and second 
ends and the adjacent pairs of bands are joined at 
their termini to form a closed loop. 30 



uous wave having a spatial frequency along a 
line segment parallel to the longitudinal axis; 
the spatial frequency of the wave associated 
with each of the bands being decreased in a 
first end region lying proximate to the first end 
and in a second end region lying proximate to 
the second end, in comparison to the spatial 
frequency of the wave in the intermediate sec- 
tion; and 

a plurality of links for maintaining the bands in 
a tubular structure. 



19. A stent according to claim 18, wherein widths of 
sections of the bands, measured in a circumferen- 
*5 tial direction, are greater in the first and second end 
regions than in the intermediate section. 



20. A stent having first and second ends with an inter- 
mediate section therebetween, the stent further 
having a longitudinal axis and providing axial flexi- 
bility, comprising: 

a plurality of longitudinally disposed bands; and 
a plurality of links for maintaining the bands in 
a tubular structure, wherein each band is con- 
nected at a plurality of periodic locations by a 
circumferential link to an adjacent band, each 
link being axially displaced from any circumf er- 
entially adjacent link. 



15. A stent according to claim 9, wherein the first end 
region lies between the first end and a set of circum- 
ferential links lying closest to the first end and the 
second end region lies between the second end and 3S 
a set of circumferential links lying closest to the sec- 
ond end. 



1 6. A stent according to claim 1 5, wherein widths of cor- 
responding sections of the bands, measured in a *o 
circumferential direction, are greater in the first and 
second end. 



17. A stent according to claim 7, wherein the spatial fre- 
quency of the wave associated with each of the 
bands, is decreased in a first end region lying prox- 
imate to the first end and a second end region lying 
proximate to the second end, in comparison to the 
spatial frequency of the wave in the intermediate 
section. so 



18. A stent having first and second ends with an inter- 
mediate section therebetween, the stent further 
having a longitudinal axis and providing axial flexi- 
bility, comprising: 55 

a plurality of longitudinally disposed bands, 
wherein each band defines a generally contin- 
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